ABSTRACT
osterior reversible encephalopathy syndrome (PRES) is a clinicoradiologic entity presenting with headache, visual blurring, alteration of mental state, and acute onset of seizures. MR imaging typically demonstrates evidence of vasogenic edema in the subcortical white matter and cortex, which predominantly involves the bilateral parieto-occipital lobes.
1,2 DWI most commonly shows isointensities in the region of vasogenic edema as demonstrated by abnormalities on T2-weighted imaging or FLAIR images. However, although referred to as a reversible process, foci of reduced diffusion have been described in 17%-26% of patients with PRES. 3, 4 Cytotoxic edema in or outside the massive vasogenic edema was found in a relatively lower proportion of patients with PRES and could be differentiated from vasogenic edema by using DWI. Early detection of cytotoxic edema in PRES is critical to prevent vasogenic edema from progressing into irreversible insult. Several theories exist as to why regions of reduced diffusion are seen in some cases of PRES. 5 The most popular theory is hyperperfusion causing severe mass effect from vasogenic edema with compression of local microcirculation. 6, 7 Ay et al 6 suggested that increased tissue pressure eventually impairs the microcirculation and leads to ischemia in areas of massive vasogenic edema. Covarrubias et al 7 found that cytotoxic edema developed in the cortex immediately adjacent to the area with intensely elevated ADC values in subcortical white matter, which is consistent with a heavy burden of fluid in the interstitium. It has also been suggested that edema with resultant vasoconstriction or vasospasm (with or without subarachnoid hemorrhage) leads to cytotoxicity. 8, 9 Bartynski et al 9 confirmed a high incidence of vascular abnormality in PRES (focal vasoconstriction, vasodilation, and string-of-beads appearance) at conventional angiography and demonstrated these observations and the reversibility at MRA. It remains unclear why vasogenic edema in PRES develops into cytotoxic edema. Unchecked vasogenic edema may develop into cytotoxic edema or irreversible insults. Pirker et al 10 recently reported that vasogenic edema in PRES was much more frequent in patients with decreased levels of serum albumin, whereas cytotoxic components occurred more frequently in patients with normal levels. However, the extent to which vasogenic edema is associated with reduced serum albumin levels remains unclear, as does the cause of cytotoxic edema development. Some studies have demonstrated that cytotoxic edema is more commonly seen in PRES. In the present study, we determined the association of edema type with the levels of serum albumin in patients with PRES. We hypothesized the following: 1) the level of serum albumin would correlate with edema type, 2) severe vasogenic edema could progress into cytotoxic edema, and 3) the location of cytotoxic edema would relate to the extent and location of vasogenic edema.
MATERIALS AND METHODS
Seventy-nine patients clinically diagnosed with PRES were identified during admission to Yantai Yuhuangding Hospital from January 1, 2008, to October 31, 2014, and were pooled with a data base containing complete electronic clinical records. Our institutional review board approved this study with a waiver of informed consent. The definition of PRES used in this study fulfills the following criteria: 1) presentation with acute clinical symptoms such as headache, altered mental status, seizures, or visual disturbance with or without elevated systemic blood pressure; 2) presence of known risk factors such as hypertension, eclampsia, renal failure, use of immunosuppressive drugs, or other known causes; 3) distributions of T2WI or T2-FLAIR hyperintensities compatible with typical PRES imaging patterns; 4) clinical and imaging abnormalities mostly or completely resolved after proper therapy; and 5) other possible causes of encephalopathy or vasogenic edema ruled out. Exclusion criteria included the inability to complete the imaging examination or severe motion degradation resulting in nondiagnostic images and known systematic factors that would affect the results of blood sampling.
The presence or absence of hypertension and evidence of endothelial injury and hemolysis (lactate dehydrogenase, liver function, kidney function) was recorded. Serial venous blood samples were collected at admission to our hospital at symptom onset. The time interval from symptom onset to the collection of blood samples was recorded in all patients. MR imaging was performed at our institution on 3T MR imaging equipment. Conventional axial T1WI, T2WI, FLAIR, and DWI sequences were acquired, and coronal or sagittal T2WI scanning was available for all patients. MR imaging was performed as soon as possible on the day of symptom onset, and the time interval from symptom onset to MR imaging examinations was recorded in all patients.
All MR imaging results were reviewed by 2 senior neuroradiologists (G.B., L.F.-l.) blinded to clinical data. Each reviewer thoroughly interpreted the location, distribution, and severity of the signal abnormality; the presence of hemorrhage; and reduced diffusion. The locations of hyperintensities were defined as frontal lobe, parieto-occipital region, temporal lobe, basal ganglia, cerebellum, brain stem, deep white matter, cortical zone, subcortical zone, or watershed zone. We scored 1 for any region with signal abnormality in the bilateral hemispheres. The sum of scores of all affected locations in an individual patient provided the score of brain edema. The severity of the abnormality was graded on a scale of 0 -3 based on FLAIR images (0, normally appearing brain parenchyma; 1, subtle signal abnormalities that were only faintly visible; 2, larger confluent areas of hyperintense abnormalities that were easily perceptible; and 3, complete involvement of the brain region) modified from McKinney et al. 3 Images of patients with multiple MR examinations were analyzed for resolution of imaging abnormalities. The type of edema can be categorized as vasogenic or cytotoxic. Vasogenic edema was determined by T2WI hyperintensity without reduced diffusion, while cytotoxic edema was considered in cases of T2WI hyperintensity with reduced diffusion. When we measured molecular motion with DWI, only the ADC value could be calculated. The PASW statistical package (IBM, Armonk, New York) was used for all statistical analyses. Data normality was tested with the Shapiro-Wilk test. Normally distributed data are expressed as mean Ϯ SD, and data that are not normally distributed are presented as median (interquartile range). Intergroup comparison was performed by using the Student t test for normally distributed variables and the Mann-Whitney U test for variables not normally distributed.
RESULTS
Seventy-nine patients (34 male, 45 female; age range, 7-66 years; mean age, 32.1 Ϯ 11.5 years) with complete in-hospital clinical records were included in this study. Thirty-five (44.3%) of all 76 cases were patients with eclampsia or pre-eclampsia, 25 cases (31.6%) were patients with chronic renal failure, 14 (17.7%) were patients with hypertension, and 5 (6.3%) had different clinical conditions (autoimmune disease in 3 and cancer chemotherapy in 2). Clinical symptoms included headache in 68 patients (86.07%), altered mental state in 59 (74.68%), seizures in 40 (50.63%), visual disturbances in 25 (31.64%), and focal neurologic deficit in 11 patients (13.92%).
All patients had typical clinical symptoms and characteristic MR imaging findings of PRES. The parietal and occipital regions were involved in all 79 (100%) patients; the frontal region, in 70 (88.61%); and the temporal region, in 36 (45.57%). The cerebellum was involved in 30 (37.97%) patients; the deep gray matter, in 22 (27.85%); the brain stem, in 15 (18.99%); the periventricular region, in 12 (15.19%); and the corpus callosum, in 10 (12.66%) patients. Hemorrhages were present in 16 (20.25%) patients. Nine had intraparenchymal hemorrhages, 5 had cerebral microb-leeds, and 2 had subarachnoid hemorrhages. MR venography examinations were performed in 56 patients (70.89%) and did not reveal an abnormality in any patient.
After analyzing all the study images including T1WI, T2WI, FLAIR, DWI sequences, and ADC maps, we found pure vasogenic edema in 53 cases (67.09%) and vasogenic edema complicated with cytotoxic components in 26 patients (32.91%). The type of edema was not associated with the interval between the onset of symptoms and MR imaging examinations (P ϭ .58, Mann-Whitney U test) or with the interval between the onset of symptoms and blood sample collection (P ϭ .34, Mann-Whitney U test). There was no difference in the time from presentation to imaging or to blood sample collection across subjects (P ϭ .61, MannWhitney U test).
Serum albumin levels were normally distributed in all patients with PRES (P ϭ .059, Shapiro-Wilk test), and a decrease of serum albumin concentration (Ͻ35 mg/mL) was observed in 67/79 patients (84.8%; mean, 23.6 Ϯ 5.8 mg/dL). There was no difference in the serum albumin levels between patients with cytotoxic edema and those without (P ϭ .983, Mann-Whitney U test) (Fig  1) . There was no significant difference in the percentage of serum albumin decrease between patients presenting with cytotoxic edema (21/26, 80.77%) and those without (46/53, 86.79%) (Table) . The scale scores of edema in all patients were not normally distributed (P ϭ .00, Shapiro-Wilk test). The levels of serum albumin were not correlated with the scale scores of edema (P ϭ .267). There was no statistically significant difference in serum albumin levels between the eclamptic group and the chronic renal failure group (P ϭ .23), as well as the eclamptic group and the hypertensive group (P ϭ .45), and the chronic renal failure group and hypertensive group (P ϭ .17).
Scores of brain edema in all patients were not normally distributed (P ϭ .037, Shapiro-Wilk test), and serum albumin levels were not correlated with scores of brain edema (P ϭ .145). There was a significant difference in scores of brain edema between patients with cytotoxic components and those without (Z ϭ 2.969, P ϭ .003, Mann-Whitney U test). The extent of edema in patients with cytotoxic components was significantly larger than that of patients without (Table) . The percentage of cytotoxic edema located in the area with higher scale scores of edema (ϭ 3) was significantly larger than that in those with lower scale scores (Յ2) (P ϭ .002, Fisher exact test) (Fig 2) . 
Comparison of clinical parameters in patients with present and absent cytotoxic edema
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DISCUSSION
In the present study, decreased levels of serum albumin were found in 84.8% of all patients, suggesting that a change in serum albumin levels may be one of the potential factors resulting in edema development in PRES. Serum albumin is a main contributor to colloid osmotic pressure (COP). Decrease of serum albumin levels would result in retention of intravascular fluid by reducing perfusion pressure. 11 In conditions with endothelial damage due to inflammatory processes, reduction of COP may facilitate fluid extravasation and edema development. 10 Vasogenic edema can be aggravated by a marked decrease of COP, as shown by Pirker et al. 10 However, we observed that serum albumin concentration was not associated with edema type and was decreased in patients with cytotoxic edema. Albumin contributes to up to 80% of COP in healthy subjects. However, its contribution toward COP is only 17% in critically ill individuals. 12 Reduction of COP alone would not cause edema in the normal brain tissue, which is largely due to the properties of capillary endothelium that constitute the BBB. 13 The failure of autoregulatory mechanisms involved in the maintenance of CBF might also lead to hyperperfusion and vasogenic edema in the presence of excessive elevations in systemic blood pressure. Low serum albumin may be a surrogate marker of disease severity rather than an indicator of low COP. Therefore, when one treats patients with PRES with hypoalbuminemia, the underlying cause of hypoalbuminemia should probably be treated first. Two of our patients hardly improved with hypoalbuminemia treatment. While improving hypoalbuminemia may or may not help the patient, correction of the underlying disorder is more critical than merely reversal of hypoalbuminemia. 14 The pathogenesis of brain lesions in PRES is not fully understood, and 2 opposing theories have been proposed. 15 Endothelial dysfunction seems to better account for the mechanisms of PRES, given that both vasogenic and cytotoxic edema could occur in PRES, as well as hypoperfusion or hyperperfusion. 16 Forced dilation of cerebral arteries and disruption of the integrity of the BBB are considered the most important mechanisms underlying vasogenic edema observed in patients with PRES and hypertension. Alternatively, ischemia triggered by systemic inflammation, endothelial injury, and vascular dysfunction is also suggested to contribute to vasogenic edema observed in PRES, as well as active leakage of fluid due to other processes affecting the vascular wall. Parenchymal contrast enhancement, typically seen only with injury to the BBB, also supports this theory. Although most patients do not show any abnormal enhancement on postcontrast T1WI, it has been reported to occur in 21%-38% of patients with PRES. 3, 4 Typically, the enhancement is a mild, gyri form, and there is leptomeningeal or cortical enhancement within the lesions on postcontrast imaging studies. More commonly than in adults, contrast enhancement in children showed that pathophysiology was related to the BBB breakdown and also supported the theory of toxic endothelial injury. 17 BBB dysfunction might not only be restricted to areas with apparent lesions but could also involve the normal-appearing cerebral tissue, and even the retinal circulation. 18 Therefore, endothelial injury or injury to the BBB is probably more likely than the other mechanism to account for the spectrum and variety of physiologic findings noted in PRES. In this study, cytotoxic components in vasogenic edema were found in 33% of all patients, a slightly higher percentage compared with 17%-26% of patients with PRES with foci of reduced diffusion in prior studies of these patients. 3, 4 This slightly higher percentage may be attributable to either case selection criteria or case source. Several studies have reported radiologic findings of cytotoxic edema or ischemia in PRES, 3, 4 which were associated with fibrinoid necrosis and microinfarction in pathologic studies. 19, 20 Cytotoxic edema manifests as DWI hyperintensity with decreased ADC values. Moreover, in patients with cytotoxic edema, there is partial reversal or nearly complete resolution of the abnormality, and even patients with cytotoxic edema would not show conversion to infarction or may have mild atrophy. Cytotoxic edema in the acute phase does by no means imply conversion to infarction, and DWI does not seem to be a valid prognostic marker. 21 The value of DWI and ADC maps in predicting the clinical prognosis of PRES warrants further investigation. 22 Cytotoxic edema in PRES may be attributable to cerebral vasospasm, with endothelial activation or injury leading to reduced CBF with consequent hypoxia, as described in several PRES studies using MR imaging or conventional angiography. 9 Most interesting, a recent study reported that the high incidence of cerebral microbleeds was not correlated with edema severity/extent and the presence of DWIpositive findings. 23 Atypical neuroimaging appearances, such as intracranial hemorrhage, cytotoxic edema, and abnormal enhancement, may reflect endothelial injury or disruption and would contribute to early diagnosis and prognosis evaluation. 24 Vascular imaging and perfusion imaging would be helpful to further elucidate the mechanism of edema development in PRES. 25 We showed that the scale scores of edema in patients with cytotoxic components were significantly higher than those in patients with pure vasogenic edema, and the percentage of patients with cytotoxic edema in areas with higher scale scores was significantly higher than that in those areas with lower scale scores. The presence of ischemia within areas of vasogenic edema has been observed in several retrospective studies. 3, 4, 6, 7 However, to the best of our knowledge, the development of ischemia with an increasing degree of brain edema has not been well-described. A correlation between the presence of vasculopathy and ischemia was recently reported, suggesting a causal relationship between cytotoxic edema and larger areas of vasogenic edema. 26 The normally protective vasoconstrictive response can progress into vasospasm, leading to local hypoxia, BBB disruption, fluid extravasation, and subsequent edema. 27 Enhanced systemic endothelial activation (swelling) and leukocyte trafficking and vasoconstriction, alone or in combination, may result in brain and systemic hypoperfusion. 15 Therefore, higher scale scores of brain edema often develop and progress into ischemia. We also found that most cytotoxic edema was superimposed on, or adjacent to, the larger areas of vasogenic edema. A larger area of edema is typically contiguous and crosses large vessel boundaries, rather than being a watershed pattern. 26 The mass effect induced by larger areas of vasogenic edema would compress or shift the vessels passing through or around the edema region, which may result in regional hypoperfusion, elevation of tissue pressure, and reduction of CBF to ischemic levels, as well as vasoconstriction. 5, 28 Subsequently, the areas surrounding marked vasogenic edema may progress to cytotoxic edema. We agree with the proposal that cytotoxic edema in PRES is probably related to local decreased perfusion and arteriolopathy. 28 However, further work should be performed to uncover the pathophysiologic mechanisms involved. Eclampsia or pre-eclampsia is the primary clinical cause of PRES. During a normal pregnancy, the BBB adapts to prevent circulating permeable factors from entering the brain. Plasma from women with pre-eclampsia has been found to increase the permeability of the BBB; the latter would permit the passage of damaging antivasogenic and antiendothelial proteins into the brain and result in neurologic symptoms of eclampsia. 29, 30 A higher percentage (44.3%) of patients with eclampsia was also found in this study than was typically seen in past studies, which may be related to either our university hospital type or case-selection criteria. Ishikura et al 31 even reported 7 pediatric patients with nephrotic syndrome who developed PRES and had low levels of serum albumin, implying a possible correlation between them. In these patients, PRES rapidly abated after the addition of albumin, despite further treatment with cytotoxic substances. Infusion of human serum albumin at early and reversible phases to increase oncotic pressure and restore antioxidative potential could theoretically prevent widespread oxidative and/or ischemic damage to vulnerable tissue in PRES. 10 Many cases of acute toxic leukoencephalopathy may share common causes and pathophysiologic features with PRES. Reduced diffusion is typically seen in association with acute toxic leukoencephalopathy but less commonly in PRES, which could account for the differences of the mechanism and location in white matter involvement between the 2 processes.
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Because clinical factors, imaging findings, and CSF laboratory results may influence the prognosis of PRES, a few limitations of this prospective study should be noted. First, selection bias toward the etiology of PRES may result in significant heterogeneity as to the relative proportion of patients for the study, and it is difficult to determine a single underlying etiology for PRES, often having multiple etiologies. Second, although vasculopathy is thought to play an important part in the pathophysiology of PRES, MR angiography was not routinely performed in our study. Additionally, the extent to which inflammatory changes contribute to vasculopathy has not been clarified. Third, because urine testing is not routinely performed at the onset in our patients with PRES, urine albumin concentrations could not be appreciated with serum albumin levels and neither could albumin concentration in CSF based on lumbar puncture. 33 Prospective exploration is warranted to establish the association of biochemical values with unfavorable outcome in patients with PRES, and this might prove useful to clinicians of various disciplines involved in the care of these patients.
34,35
CONCLUSIONS
Serum albumin may be a potential contributor to the development of edema in PRES, but it is not a decisive factor for edema type. Cytotoxic edema or ischemia is often seen in larger areas or to a higher extent of vasogenic edema, which is probably related to local decreased perfusion and arteriolopathy. Further work should be performed to uncover and understand the pathophysiologic mechanisms involved.
